Morphine is the analgesic of choice for moderate to severe cancer pain; however, 10-30% of patients do not tolerate morphine. This study evaluated genetic variation in the m-opioid receptor, barrestin2, stat6 and uridine diphosphate-glucuronysltransferase 2B7 (UGT2B7) genes, in patients who responded to morphine vs those who were switched to alternative opioids. We prospectively recruited and genotyped 162 Caucasian patients (117 controls, 39 switchers). Switchers, were more likely to carry the common allele at 1182 G/A, 5864 G/A, 8622T/C and 11143 G/A in the barrestin2 gene (P ¼ 0.021, 0.043, 0.013, 0.043, respectively). Switchers had increased carriage of the T allele (À1714 C/T) and a significant difference in the allelic frequency at 9065 C/T (w 2 ¼ 3.86, P ¼ 0.049) in the stat6 gene. No differences were seen in genotype or allele frequencies of SNPs in the mopioid receptor gene or UGT2B7 gene. This study presents novel data suggesting that variation in genes involved in m-opioid receptor signalling influence clinical response to morphine.
INTRODUCTION
Morphine is the analgesic of choice for the treatment of moderate to severe cancer pain. 1 However, 10-30% of patients do not respond to morphine, achieving poor analgesic response or intolerable adverse effects. 2 At present, we cannot predict which patients are likely to achieve good analgesia or develop adverse effects. In patients who do not tolerate morphine, it is becoming increasingly common to prescribe other 'alternative' strong opioids. Even with the use of these alternative opioids, outcomes are often variable and unpredictable. 3 Moreover, it can be difficult to identify true opioid intolerance in cancer patients, where symptoms such as nausea or cognitive impairment may have multiple underlying aetiologies.
We have previously hypothesized that two-thirds of the interindividual variability in response to morphine is due to genetic variation. 4 Response to a drug may depend on a number of factors including drug absorption, distribution, metabolism and elimination. Drug concentration at the target site, the number and morphology of target receptors, together with variation in multiple downstream events will also influence response. Thus, genetic variation in the alleles of multiple candidate genes may potentially influence response to a given opioid. The reason for variable response to codeine has already been established; 6-7% of Caucasians have polymorphisms of the cytochrome P4502D6 gene, which prevent metabolism of codeine to the active drug morphine. 5 Morphine is metabolized by uridine diphosphate-glucuronysltransferase 2B7 (UGT2B7). Serum morphine and morphine-metabolite concentrations have not been shown to correlate with pain relief or side effects in clinical practice. 6, 7 Genetic variation in the promoter region of the UGT2B7 gene correlated with serum morphine and morphine-6-glucuronide concentrations in one study, 8 but this was not seen in a larger Norwegian study. 9 Therefore, whether or not polymorphisms in UGT2B7 influence clinical response to morphine remains unclear.
The primary site of action of morphine and other commonly used opioid analgesics is the m-opioid receptor. 10, 11 The m-opioid receptor is a G-protein-coupled receptor. 12 These receptors are expressed both at a spinal level in the dorsal horn and in multiple regions within the brain. 13 They are also widely expressed in the periphery and found on various circulating immune cells.
14 In m-opioid receptor knockout mice, spinal and supraspinal analgesic models show loss of analgesic activity and virtually all other effects of morphine. 15 Nociceptive thresholds vary in gene dose-dependent manner. Mice with no m-opioid receptor gene have lower thresholds than heterozygous knockouts (with 50% of wild-type receptor densities), which have lower thresholds than wild-type mice with intact m-opioid receptors.
Changes in m-opioid receptor densities, potentially contributed by allelic variants, can produce changes in nociceptive responses and affect opioid response. 15 Binding studies to post-mortem brain samples and in vivo positronemission tomography radioligand analyses suggest 30-50% or even larger ranges of differences in human m-opioid receptor densities. 16, 17 Interindividual variation in human m-opioid receptor densities may be due to altered m-opioid receptor gene expression. In the cis-acting DNA promoter and enhancer sequences of the m-opioid receptor, there are recognition sites for regulatory DNA-binding proteins. These proteins include various transcription factors. A number of transcription factor recognition sites have been postulated in the human m-opioid receptor gene. 18, 19 Functional studies have highlighted the role of stat6, which causes an increase in m-opioid receptor gene expression. 20 Genetic variation in the gene encoding the m-opioid receptor has been shown to alter the binding affinities of different opioids. [21] [22] [23] [24] Different opioids may therefore cause differential activation and desensitisation of the m-opioid receptor.
Following agonist-induced activation, a complex cascade of intracellular events results in inhibition of neuronal transmission of painful stimuli. This signal is then terminated by receptor phosphorylation, desensitisation and internalisation. bArrestin2 is an intracellular protein, involved at multiple points in regulating this sequence of events. 12, 25 Animal studies support the physiological role of barrestin2 in m-opioid receptor desensitisation. The analgesic effect of morphine is both increased and prolonged in barrestin2 knockout mice. 26 This prospective case/control study was part of a larger project to identify cancer patients who achieved good analgesic benefit with morphine (controls) and to compare them with those who did not tolerate morphine, but required switching to alternative opioids (cases). Furthermore, we aimed to correlate the need to switch with genetic variation in various candidate genes. Full data on the clinical phenotype of each group and its contribution to the need to switch has been described previously. 27 This paper presents novel data on the genetic variation in four candidate genes, the m-opioid receptor, barrestin2, stat6 and UGT2B7 genes, and their contribution to variation in response to morphine in cancer patients.
RESULTS

Patient Demographics and Blood Results
In all, 186 patients were recruited to the primary study, 138 controls who had taken morphine for at least 1 month with good clinical benefit and 48 switchers who despite adequate dose escalation had not achieved analgesic control but experienced intolerable side effects. In all, 87% of the switchers achieved acceptable pain control with minimal side effects on an alternative opioid; the majority switched to oxycodone as per departmental guidelines. DNA was available for genetic analysis on 156 Caucasian patients (117 controls and 39 switchers). There were no differences in age (mean 57.6712.9 years), gender (45% male) or cancer diagnoses between switchers and controls, and full details of this cohort have been described elsewhere. Morphine dose ranged from 10 to 1060 mg/24 h and there were no differences between groups in either serum morphine and metabolite levels, or basic biochemical and haematological parameters ( Table 1) . As expected from clinical assessment, switchers had higher pain and side-effect scores than controls. The reasons for switching are given in Table 2 .
Genotype and Haplotype Data
The genotype and haplotype data for each of the candidate genes barrestin2, stat6, m-opioid receptor and UGT2B7 are presented in Tables 3a-d and 4a-d, respectively. Genotype/ phenotype associations for each gene are summarised below. Genetic associations were independent of each other; no gene-gene interactions were identified in the data-mining analysis.
bArrestin2
We found a significant difference in genotype and allele frequencies for the T8622C SNP in the barrestin2 gene, in switchers compared with controls (w 2 ¼ 6.22, P ¼ 0.045 and w 2 ¼ 4.41, P ¼ 0.036, respectively). Switchers were more likely to carry the common T allele at this position (w 2 ¼ 6.14, P ¼ 0.013). In addition, although differences in genotype frequencies did not reach statistical significance, switchers were more likely to carry the common allele at the following positions: 1182 G/A, 5864 G/A and 11143 G/A (w 2 ¼ 5.
All SNPs across the 19.3 kb region studied were in linkage disequilibrium (D 0 40.5) using the anchor point À8130 in the promoter. Four haplotypes occurred with a frequency of 45% and accounted for 86% of the population. Seven haplotypes with a frequency of 1-3% and four haplotypes with a frequency o1% described the remaining 14% of the population. There were no significant differences in haplotype frequencies in switchers compared with controls.
Stat6 Genotype
For stat6, there was increased carriage of the variant T allele at À1714 C/T (w 2 ¼ 4.95, P ¼ 0.026) and a significant difference in the allelic frequency at 9065 C/T (w 2 ¼ 3.86, P ¼ 0.049).
The SNPs in stat6 covered a 15.5 kb region. One SNP in intron 14 (8334 A/C) was not in linkage disequilibrium. Haplotypes were constructed firstly using all eight SNPs and secondly from the remaining seven SNPs. Data are presented for the seven SNPs, five haplotypes had a frequency of 45% and accounted for 92% of the population. The resultant four haplotypes with a frequency of 1-2% and four haplotypes with a frequency o1% described the remaining 8% of the population. There were no significant differences in haplotype frequencies in switchers compared with controls.
l-Opioid Receptor Genotype No significant differences in genotype or allelic frequencies were seen for SNPs in the m-opioid receptor gene.
All seven SNPs across the 80.7 kb region of the m-opioid receptor gene were in linkage disequilibrium (D 0 40.5) using the position 80547 in the 3 0 UTR as the anchor point. Six haplotypes had a frequency of 45% and accounted for 91% of the population. A further six haplotypes described the remaining 9% of the population. There were no differences in the haplotype frequencies in switchers compared to controls.
UGT2B7 Genotype
No significant differences in genotype or allelic frequencies were seen for SNPs in the UGT2B7 gene and there were no correlations between genotype and morphine or morphine metabolite levels. Three of the four SNPs across the 16 kb region were in complete linkage and 100% of the population could be described by three haplotypes. There were no differences in haplotype frequencies between switchers and controls. DISCUSSION Improving pain control in cancer patients is a priority both for clinicians and patients. In this study, all patients were treated with morphine first-line to control cancer-related pain, as per WHO and departmental guidelines. For those patients who did not tolerate morphine, a significant proportion (87%) improved on an alternative opioid. This study identified significant differences in the genotype of switchers compared with controls, which may explain part of the observed variation in response to morphine.
The phenotype of switchers is characterised by higher pain and side-effect scores compared with controls. In clinical practice, morphine doses are titrated until the patient achieves adequate analgesia. Most patients who do not achieve analgesic control with morphine will reach a point where side effects prevent further increases in morphine dose. However, both the dose at which this occurs and the predominant limiting side effect varies between individuals. Therefore, while this group can be treated as a whole, we recognise that there are different phenotypes within the switcher group itself. Accurate clinical information collected in this study allows these subgroups to be more clearly identified and considered as separate factors in data-mining analysis, but larger numbers of patients will need to be recruited to enable meaningful statistical evaluation of these subgroups. One of the limitations of this study therefore is that if genetic variation contributes to a single side effect, it will have been diluted in the analysis by variation in the switcher group as a whole and may not have been identified in data mining due to small numbers.
Every effort was made to identify whether side effects were truly morphine related rather than due to the cancer itself or other concomitant medications, but this can be difficult in the clinical setting. Biochemical and haematological data were included in the analysis to help identify any The dose of morphine required to achieve analgesia is known to vary widely between individuals and this is reflected in our population; morphine doses ranged from 10 to 1060 mg/day. It is usual practise to titrate with shortacting opioids (oramorph or sevredol) until adequate pain relief is achieved with acceptable side effects, and then to convert to long-acting equivalents (MST, MXL, Zomorph). bArrestin2 is an intracellular protein, which is important in desensitisation of the m-opioid receptor and intracellular trafficking of internalised receptors. As such, it can regulate the number of functional receptors expressed on the cell surface at a given time. Studies in barrestin2 knockout mice show increased and prolonged analgesia in animals without barrestin2, despite similar concentrations of morphine in the blood and similar number and affinity of cerebral mopioid receptors in both populations. 30 We hypothesised that genetic variation in the barrestin2 gene might be important in affecting response to morphine in our patients. This is the first report linking genetic variation in the barrestin2 gene with analgesic response in humans. Comparing switchers and controls, we found a significant difference in genotype (w 2 ¼ 6.22, P ¼ 0.044) and allele frequency (w 2 ¼ 4.41, P ¼ 0.035) for the T8622C polymorphism. Switchers were more likely to carry the common T allele at this position (w 2 ¼ 6.14, P ¼ 0.013). This SNP is in the coding region, exon 11, but does not lead to a change in the aminoacid sequence of the resultant barrestin2 protein. It is possible, however, that this SNP may be in linkage with another functional SNP in the barrestin2 gene and this requires further evaluation. In addition, w 2 analysis confirmed a significant difference in allele carriage between switchers and controls for three noncoding SNPs in the barrestin2 gene (A1082G, A8864G, A11143G). The significance of these findings needs to be confirmed on larger patient numbers.
A number of addiction studies have focused on genetic variation in candidate genes that may influence tolerance to or dependence on different opioids. The most widely studied SNP in the m-opioid receptor gene is the A118G nucleotide substitution. This SNP codes for the amino-acid change Asn to Asp, resulting in loss of a putative glycosylation site in the extracellular N-terminal domain of the receptor. It has been reported in association with both addiction and pain studies.
Addiction studies have published conflicting results. The mutant allele was found to be increased in both a Hispanic subgroup, protecting against drug abuse, 31 and a Caucasian population, protecting against alcohol 32 abuse. However, other studies found no association. [33] [34] [35] In pain studies, case studies have suggested that the mutant allele may decrease the potency of morphine or morphine-6-glucuronide in cancer patients. [33] [34] [35] [36] [37] A study in normal volunteers (n ¼ 11) showed reduced pupil constriction in response to morphine-6-glucuronide but not morphine in subjects carrying the G allele. 38 This may be explained by differences in the binding sites for morphine and M6G.
We found no difference in the genotype or allelic frequencies for this SNP between switchers or controls. In addition, there was no correlation between genotype and the average doses of morphine required to achieve adequate pain relief, two-third of the nine patients requiring 4500 mg/day were homozygous for the A allele and none were homozygous for the rare allele. Of note, the frequency of the mutant allele (G) in our population was 0.15, comparable to reported frequencies of 0.12 in other Caucasian populations. 31 The C17T nucleotide substitution in the m-opioid receptor gene has also been weakly associated with opioid addiction. 31, 39, 40 Genotype for this SNP was determined by direct sequencing in 84 patients, only one heterozygote was identified. This polymorphism was not considered further as part of this study, but may be important in other ethnic groups such as African Americans where it can be found in 20% of the population. 41 A number of putative SNPs have been identified in the promoter region of the m-opioid receptor. Of five SNPs studied in our group, only one À172 G/T was polymorphic (minimum 80 Caucasian patients studied). Promoter polymorphisms may upregulate or downregulate gene expression. Importantly, the binding site for the transcription factor stat6 has been reported to contain an SNP that alters IL-4 upregulation of the m-opioid receptor. 20 This nucleotide was not polymorphic in our Caucasian population.
Stat6 is a transcription factor that can alter m-opioid receptor gene expression. The stat6 gene is known to be highly polymorphic and assays were developed for 24 SNPs that had been validated on SNP databases. Seven of these were polymorphic in our Caucasian population. For stat6, there was increased carriage of the variant T allele at À1714 and a significant difference in the allelic frequencies at 9065 C/T in intron 16. The polymorphism at À1714 does not correspond to a known transcription factor binding site. It will be therefore important to both validate this finding in a separate group of patients and consider functional studies to determine whether this SNP, or one in linkage to it, is important in affecting response to morphine.
Patients who did not respond to morphine were switched to oxycodone as second-line opioid. Oxycodone is metabolised by a different pathway to morphine, cytochrome P450 (2D6, 3A4, 3A5), but like morphine, acts primarily at the mopioid receptor. This would suggest that pharmacokinetic rather than pharmacodynamic variation would be more likely to mediate the difference in analgesic response between switchers and controls. As such, it was surprising to find no differences in UGT2B7 genotype or morphine/ metabolite ratios between switchers and controls. This confirms the findings of a large Norwegian study, which found no correlation between serum morphine/metabolite ratios and the functional nonsynonymous SNP (2099 C/T; H268Y) in exon 2 of UGT2B7.
Studies that correlate SNPs with disease outcome by this method are known to generate false-positive but rarely generate false-negative results. As such, while the positive findings of this study require further validation in other patient groups, these results suggest that SNPs in the prime candidate genes of UGT2B7 and the m-opioid receptor are unlikely to have clinical relevance in predicting the response to morphine. Previous work by our group showed that 20% of variation in response could be explained by nongenetic factors 4 and therefore other genes need to be considered in future studies to account for the as yet unexplained variation in clinical response to morphine.
In summary, our study presents novel data suggesting that variation in genes involved in m-opioid receptor signalling influence clinical response to morphine. We have presented data in a Caucasian population, for the genotype and haplotype frequencies of 26 SNPs across four candidate genes, which we hypothesised might influence response to morphine. We found that genetic variation in the barrestin2 gene was associated with the need to switch from morphine to an alternative opioid; switchers were more likely to carry the T allele at position 8622, P ¼ 0.013. Polymorphisms in the m-opioid receptor gene, which have shown conflicting results in previous studies, were not significantly different in switchers compared with controls. Further work is needed to validate and determine the functional significance of these findings and to explore the significance of genetic variation in switcher subgroups and different ethnic populations.
METHODS
This prospective case/control study was approved by the local science and ethics committees and all patients gave informed written consent.
Patients, Inclusion and Exclusion Criteria
Eligible patients were identified by the Specialist Palliative Care Team. Two broad phenotypes were identified. Controls were defined as patients who had already been taking morphine for at least 1 month, with good pain relief and minimal side effects. Switchers (or cases) were those who despite adequate dose escalation had inadequate analgesia or intolerable side effects on morphine and required switching to an alternative opioid. Patients either under the age of 18 years, with predominately neuropathic pain, unable to give informed consent, or with serum creatinine 41.5 times the upper limit of normal, were excluded.
Data Collection
Data were collected at a single time point. For controls, this could be at any time point as long as they had been taking morphine for at least 1 month with good clinical effect. For switchers, it was the time point at which they were reviewed by the Specialist Palliative Care team because of inadequate response to morphine and the need for an alternative opioid. Demographic data were collected including, age, ethnicity, cancer diagnosis and dates of recent chemotherapy. Patients were asked to complete a modified brief pain inventory and toxicity scores. We recorded current opioid use and opioid history, and current medications, and for switchers, the reason for switching and whether or not change in therapy was successful.
Blood samples were taken for routine haematology and biochemistry, DNA extraction, and measurement of morphine and metabolite levels. DNA was extracted using a modified salting out method 42 and stored at À201C for genotype analysis. Plasma was separated and stored at À201C for measurement of serum morphine, morphine-6-glucuronide and morphine-3-glucuronide using reversed phase ion paired high-performance liquid chromatography. 43 
Genotyping
Putative SNPs in candidate genes were identified from the literature and SNP databases (http://www.ncbi.nlm.nih.gov, http://snpper.chip.org/bio). Figure 1 shows the SNPs identified in each of the candidate genes (m-opioid receptor, barrestin2, stat6 and UGT2B7) for inclusion in this study. All assays were used initially to genotype 80-100 Caucasian subjects. All study patients were then genotyped for SNPs with a variant allele frequency 41%. Genotypes were determined using sequence-specific primers in a polymerase chain reaction (SSP-PCR). SSPs with mismatches at the 3 0 -end were designed to identify each variant, which in combination with a consensus primer produced a product of known size (to be made available from authors or as web table, Appendix A). Exon 1 of the m-opioid receptor gene has multiple putative polymorphic sites, and this region was sequenced.
SSP-PCR 44
Amplification conditions
Primer concentrations were titrated to ensure amplification only occurred with exact matching of the primer with genomic DNA. A measure of 5 ml of primer mix was added to a 8 ml PCR reaction mixture containing buffer (67 mM tris base, pH 8.8; 16.6 mM ammonium sulphate; 2 mM magnesium choride; 0.01% (v/v) Tween-20 (Bioline Ltd, London, UK)); 200 mM of each dATP, dTTP, dGTP and dCTP (Bioline Ltd, London, UK); 0.32 U of Taq polymerase (Biotaq TM, Bioline Ltd, London, UK) and 0.01-0.1 mg DNA. This 13 ml reaction was dispensed under 10 ml of mineral oil and amplified in a PCR machine (PTC-200 machine, MJ Research, Waltham MA, USA). Cycling parameters were set as 1 min at 961C, followed by: five cycles of 961C for 25 s, 701C for 45 s and 721C for 45 s; 21 cycles of 961C for 25 s, 651C for 50 s and 721C for 45 s; and four cycles of 961C for 25 s, 551C for 60 s and 721C for 120 s. PCR products were then electrophoresed on 1.5% agarose gels (Bioline Ltd, London, UK) containing 0.14 mg/ml ethidium bromide (Sigma Ltd, Poole, UK), at 200 V/cm 2 in 0.5% tris borate EDTA buffer (Sigma Ltd, Poole, UK). Products were visualised with a UV illuminator and photographed with a Polaroid camera. The presence of an allele-specific band of the expected size, in conjunction with a control band, was used to identify an allele. A reaction was considered negative if the control band was visualised without a specific band of the expected size.
Sequencing
SSPs were designed to amplify a 696 bp fragment of the m-opioid receptor gene, containing Exon 1. SSP-PCR was performed using 4 Â volumes described above. A QIAquick s PCR purification kit (Qiagen, Crawley, UK) was used to purify the product. CEQt 8000 dye terminator cycle sequencing kit (Beckman Coulter, High Wycombe, UK) was used to prepare samples. A measure of 8 ml of quick start, 3.2 pM of primer, 100 fM of PCR product and sterile water, to a final volume of 20 ml, was amplified in a PTC-200 machine (MJ Research, Waltham MA, USA). Cycling parameters were set as: 30 cycles of 961C for 20 s, 501C for 20 s and 601C for 4 min, followed by cooling to 51C. A measure of 2 ml of 100 mM EDTA (Sigma Ltd, Poole, UK), 2 ml of 3 M NaOAc (Sigma Ltd, Poole, UK) and 1 ml of glycogen (CEQ sequencing kit) was added. Ethanol clean-up of samples (20 ml reaction in 96-well plate) was as follows: 60 ml of ice-cold 95% ethanol was added and the sample centrifuged at 3000 rpm, 41C for 30 min. Supernatant was discarded and three further washes of 200 ml of ice-cold 70% ethanol performed. After the final wash, the supernatant was discarded and the plate centrifuged upside down at 300 rpm, 41C for 15-20 s. The remaining pellets were air-dried for 20 min to remove remaining ethanol, and then resuspended in 40 ml of sample loading solution (CEQ sequencing kit), with an overlay of mineral oil.
Samples were sequenced on a Beckman Coulter CEQ8000 capillary sequencer as per the manufacturer's instructions.
Genotype/haplotype analysis
Individual SNP associations were examined by comparison of genotype and allele frequencies and allele carriage between switchers and controls. The allele frequency is the fraction or percentage of loci that the allele occupies within the population. The allele frequency is calculated as 2 Â number of homozygote individuals þ number of heterozygote individuals/total number of alleles. The allele carriage (whether an individual carries the allele-regardless of homo/heterozygosity) is calculated as number of homozygotes þ number of heterozygotes/total number of individuals. All genotype and allele frequencies were checked for Hardy-Weinberg equilibrium.
Different SNPs (within a gene or between different genes) may work in combination having additive or opposing influences on outcome. As such, interactions between SNPs were considered and haplotypes of SNPs within genes constructed as this might have functional implications for the resultant protein. Linkage disequilibrium was calculated and phase-constructed haplotypes determined Identification of rare intragene haplotypes can also identify genotype errors and so samples identified as having rare intragene haplotypes were regenotyped to reduce any errors. 45 While all haplotypes were included in the analyses, only the most common are tabulated for brevity.
Statistical Analysis
The database of clinical, laboratory and genetic data were analysed using data mining software, Knowledge Studio (www.angoss.com) and standard statistical software (Stata version 8 www.stata.com). Data mining uses decision tree modelling to examine effects between different variables (including clinical, laboratory and genetic variables) using a step-wise linear regression approach. Phenotype associations were examined and potential gene-gene interactions considered and explored.
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